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Parasitic helminth infection has been shown to modulate pathological inflammatory responses in allergy and
autoimmune disease. The aim of this study was to examine the effects of infection with a helminth parasite,
Heligmosomoides polygyrus, on type 1 diabetes (T1D) in nonobese diabetic (NOD) mice and to elucidate the
mechanisms involved in this protection. H. polygyrus inoculation at 5 weeks of age protected NOD mice from
T1D until 40 weeks of age and also inhibited the more aggressive cyclophosphamide-induced T1D. Moreover,
H. polygyrus inoculation as late as 12 weeks of age reduced the onset of T1D in NOD mice. Following H.
polygyrus inoculation of NOD mice, pancreatic insulitis was markedly inhibited. Interleukin-4 (IL-4), IL-10,
and IL-13 expression and the frequency of CD4* CD25" FoxP3™ regulatory T cells were elevated in mesenteric
and pancreatic lymph nodes. Depletion of CD4" CD25* T cells in vivo did not abrogate H. polygyrus-induced
T1D protection, nor did anti-IL-10 receptor blocking antibody. These findings suggest that infection with H.
polygyrus significantly inhibits T1D in NOD mice through CD25- and IL-10-independent mechanisms and also
reduces the severity of T1D when administered late after the onset of insulitis.

Helminth parasites infect about 1.5 billion people world-
wide, especially in developing countries, and cause chronic
infection that leads to malnutrition, anemia, impaired growth,
and significant mortality. Intestinal nematode parasites can
produce strong polarized Th2-type responses in mice. This
immune response is characterized by eosinophilia, mucosal
mast cell hyperplasia, elevated immunoglobulin E (IgE) secre-
tion, and increased production of Th2 cytokines, such as inter-
leukin-4 (IL-4) and IL-13. Recent studies have suggested that
helminth infection can regulate infectious, allergic, or autoim-
mune inflammatory diseases. Helminth infection enhances sus-
ceptibility to certain infectious diseases, like tuberculosis (11,
35) and viral hepatitis (10, 17). Conversely, helminth infection
is protective in murine models of asthma (19), multiple scle-
rosis (40), and inflammatory bowel disease (42).

Type 1 diabetes (T1D) is a life-threatening disease that
affects approximately 1 out of 400 children in westernized
societies (18). Over the past 3 decades, the rate of T1D has
increased by approximately 4% per year in both Europe and
the United States (8, 12, 39). This increase in disease incidence
may result in part from a dysregulated immune system due to
lack of exposure to certain environmental pathogens, such as
helminth parasites (5, 7, 32). Studies with nonobese diabetic
(NOD) mice showed that inoculation with Trichinella spiralis,
Heligmosomoides polygyrus, or Schistosoma mansoni markedly
reduced the rate of T1D and suppressed lymphoid infiltration
in the islets (9, 37). T1D was also prevented in NOD mice by
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injection of whole eggs or soluble antigens from the schisto-
some egg antigen or the schistosome worm antigen, but only if
treatment was started at 4 weeks of age (49). Moreover, the
addition of oral insulin B chain to schistosome egg antigen-
treated mice augmented the induction of regulatory T cells
(Tregs) that secreted IL-4, IL-10, and transforming growth
factor beta (TGF-B) (27).

We were interested in further examining potential mecha-
nisms contributing to the control of T1D during infection with
the intestinal nematode parasite H. polygyrus. This strictly en-
teric parasite triggers a potent Th2-type response without elic-
iting an associated Thl-type response (4). We found that H.
polygyrus infection exerted significant protection against T1D
in NOD mice when administered at 5 and 7 weeks of age and
even when given as late as 12 weeks of age (30% protection).
This was associated with reduced lymphoid infiltration in the
islets and an increased frequency of CD25" Tregs with aug-
mented Th2-type responses, including induction of alterna-
tively activated macrophages (AAM®s) and IL-10 mRNA in
pancreatic lymph nodes (PLN). When H. polygyrus-inoculated
NOD mice were treated with cyclophosphamide (Cyp), an
agent known to accelerate T1D, T1D prevention was sus-
tained. Similarly, when H. polygyrus-inoculated NOD mice
were treated with anti-CD25 monoclonal antibody (MAD) in
vivo, we observed no change in insulitis between this group and
those receiving a control monoclonal Ig. Furthermore, in Cyp-
treated NOD mice, administration of an anti-IL-10 receptor
(IL-10R) blocking MAb did not abrogate H. polygyrus-induced
protection from T1D. These findings suggest that H. polygyrus
inoculation suppressed T1D even after the development of
insulitis and that suppression of T1D in H. polygyrus-treated
NOD mice is accomplished through CD25- and IL-10-inde-
pendent mechanisms.
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MATERIALS AND METHODS

Mice. Four-week-old female NOD mice were purchased from Jackson Labo-
ratories, Bar Harbor, ME. All of the mice were maintained in a specific-patho-
gen-free facility during the experiments. The studies reported here conformed to
the principles for laboratory animal research outlined by the Animal Welfare Act
and the Department of Health, Education, and Welfare (National Institutes of
Health) guidelines for the experimental use of animals and were approved by the
TACUC at New Jersey Medical School.

Parasite infection and blocking-antibody (Ab) treatments. Five-, 7-, and 12-
week-old female NOD mice were inoculated orally with 200 infective third-stage
H. polygyrus larvae using a rounded gavage tube as previously described (45). In
certain experiments, groups of mice were also intraperitoneally administered 500
g of anti-CD25 Ab (PC61) or anti-IL-10R MAD (1B1.3A) every 5 days (BioXCell,
West Lebanon, NH) at doses previously shown to be effective at depleting
CD25" T cells (25) or IL-10 function (28) in vivo. Control IgG1 Ab (horseradish
peroxidase-conjugated IgG1 Ab)-treated groups were included in all experi-
ments.

Glucose monitoring. The mice were screened for blood glucose levels using a
BD glucose monitor and were considered diabetic when the glucose levels
reached >200 mg/dl. In some experiments, the mice were sacrificed after two
successive positive readings. The animals were also evaluated daily for clinical
signs of diabetes (e.g., weight loss), morbidity, and mortality.

Acceleration of diabetes by Cyp. For induction of diabetes with Cyp, female
NOD mice received intraperitoneal injections at 7 and 9 weeks of age at a dose
of 250 mg/kg body weight. Glucose levels were monitored weekly, and diabetes
was defined as a blood glucose level of >200 mg/dl.

Flow cytometry. Mesenteric lymph nodes (MLN) and PLN were collected
from treated and control mice at the times indicated, and single-cell suspensions
were prepared from the material. Cells (1 X 10°) were blocked with Fc Block
(BD Pharmingen, San Diego, CA) and stained with different combinations of
Abs as follows: anti-CD11c—phycoerythrin (PE), anti-CD8-fluorescein isothio-
cyanate (FITC), anti-CD11b-allophycocyanin (APC), anti-CD4—peridinin chlo-
rophyll protein, anti-CD62L-PE, and anti-CD44-APC (all from BD Pharmin-
gen). The Treg populations were stained with anti-CD4—-peridinin chlorophyll
protein (BD Pharmingen) and anti-CD25-PE (Invitrogen), and then intracellu-
lar staining was done with anti-FoxP3—-APC (eBioscience, San Diego, CA). After
washes, the cells were analyzed by flow cytometry with a FACS Calibur (Becton
Dickinson). The results were analyzed with Winlist software (Verity Software
House, Topsham, ME).

ELISPOT assay. The frequency of IL-4-producing cells was determined by an
enzyme-linked immunospot (ELISPOT) assay as previously described (23).
Briefly, single-cell lymph node suspensions were prepared in RPMI 1640 con-
taining 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine (all from Gibco BRL, NY). Cells (0.5 X
10°) were seeded into each well of an anti-IL-4 (clone BVD4-1D11.2; a gift from
Fred D. Finkelman)-coated Immulon IV 96-well microtiter plate (Microtiter,
Chantilly, VA). After overnight culture, the plate was washed several times with
phosphate-buffered saline (PBS), followed by washes with PBS-Tween 20. Sec-
ondary biotinylated anti-IL-4 Ab was diluted in PBS-0.05% Tween-5% fetal calf
serum, added at 100 pl/well, and incubated overnight at 4°C. The plates were
then washed, and a 1/2,000 dilution of streptavidin-AKP (Jackson Immunore-
search, West Grove, PA) was added. The plates were developed, and the results
were counted as described previously (23).

Quantification of serum Igs. Total serum IgE levels were measured using an
ELISA, as previously described (24).

Histology. Pancreata were removed and fixed in 10% neutral buffered forma-
lin. The pancreata were embedded in paraffin and step sectioned at ~0.6-mm
increments, yielding five or six sections per pancreas. The sections were stained
with hematoxylin and eosin (H&E). All islets larger than 20 cells were evaluated
for the extent of lymphocytic infiltration. Islets with infiltrates occupying 10% or
more of their areas were identified as positive for insulitis. Islets were scored
using the following scale: no infiltrates, 0% infiltration; peri-insulitis, 1 to 10%
infiltration; moderate insulitis, 11 to 50% infiltration; severe insulitis, >50%
infiltration. We typically counted ~50 to 100 islets per experiment from six to
eight mice, depending on the number of islets that were present in the sections.

Cytokine gene expression by RT-PCR. PLN and MLN were collected from
treated and control mice at the times indicated. For reverse transcription (RT)-
PCR, total RNA was extracted from tissue and then reverse transcribed as
previously described (23). Real-time PCR kits (PE Applied Biosystems, Foster
City, CA) specific for individual cytokines or rRNA were used to quantify
differences in gene expression, and all data were normalized to constitutive
rRNA values. The Applied Biosystems 7700 sequence detector (PE Applied
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Biosystems, Foster City, CA) was used for amplification of target mRNA, and
differences between treatment groups were calculated and quantified according
to the manufacturer’s instructions.

Immunohistological staining. Pancreata and PLN harvested from individual
mice were frozen in liquid nitrogen, and 6-um tissue sections were obtained
using a HM505E cryostat (Richard-Allan Scientific, Kalamazoo, MI) and stored
at —80°C. The tissue sections were allowed to dry at room temperature for 30
min, fixed in cold acetone for 10 min, and then stained with polyclonal guinea pig
anti-swine insulin (Dako, Carpinteria, CA), followed by Alexa 488-goat anti-
guinea pig IgG (Molecular Probes, Eugene, OR) or Alexa 488-anti-mouse
CD206 and PE-anti-mouse CD8, Gr-1, F4/80, or CDl11c, as well as Alexa 647—
anti-mouse CD4, B220, F4/80, CD11b, or CD11c. Coverslips were applied to the
slides using Fluoromount G (Southern Biotechnology Associates, Inc., Birming-
ham, AL). Pancreatic islets were examined and individually photographed at
X400 magnification using a SPOT?2 cooled charge-coupled-device camera (Di-
agnostic Instruments, Inc., Sterling Heights, MI) mounted on a Leica DMRXA
(Leica Microsystems, Inc., Bannockburn, IL) computerized fluorescence micro-
scope, and analyzed using Image Pro software (Caffeine Software, Santa Clara,
CA). Each fluorescence channel was photographed separately, and the three sets
of X400 images were merged using Image Pro software (Caffeine Software,
Santa Clara, CA) to create the final image of the islet.

Ex vivo cytokine measurement. Lymphocytes were harvested from spleens of
different groups and cultured in 96-well round-bottom plates (2 X 10° cells/well)
precoated with 1.5 pg/ml anti-mouse CD3 MAD (2C11; BD Pharmingen) plus 2
pg/ml anti-CD28 MAD (Invitrogen). After 48 h, the supernatants were collected
and stored at —70°C. The levels of IL-4 and gamma interferon (IFN-y) in
supernatants were determined using commercial enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer’s instructions (R&D Systems,
Minneapolis, MN).

Statistical analysis. Statistical analyses were performed using GraphPad Prism
4 for Windows version 4.03 (GraphPad Software, Inc., La Jolla, CA). For life
table analysis, we used the log rank test to compare survival curves. For com-
parisons of three or more variables, we used a one-way analysis of variance with
posttest Tukey analysis if P was <0.05. For comparison of two variables, we used
the unpaired Student’s ¢ test with Welch’s correction for unequal variances.

RESULTS

Infection with H. polygyrus prevents the development of T1D
in NOD mice. Female NOD mice were orally inoculated with
200 third-stage H. polygyrus larvae at S, 7, or 12 weeks of age.
Age-matched untreated female NOD mice were used as con-
trols. The incidence of diabetes was monitored by blood glu-
cose measurements every second week for a total of 40 weeks.
We defined diabetes as a blood glucose level of >200 mg/dl on
two consecutive occasions. As shown in Fig. 1A, by 25 weeks of
age, 100% of the untreated NOD mice became diabetic. In
contrast, a single inoculation of H. polygyrus given at 5 weeks of
age completely protected NOD mice from developing diabe-
tes, with 0/10 diabetic mice at 40 weeks of age. When given at
7 weeks of age, H. polygyrus significantly protected NOD mice
from diabetes (3/10 diabetic mice at 40 weeks), but to a lesser
extent than when the helminth infection was established at 5
weeks of age. When H. polygyrus was given as late as 12 weeks
of age, a time when insulitis is fully established, the incidence
of diabetes was decreased from 100% to 70% by 40 weeks of
age. As seen in Fig. 1B, at 32 weeks of age, untreated NOD
mice had extremely high blood glucose, with all levels over 200
mg/ml and some values reaching 600 mg/ml or higher. H.
polygyrus infection at 5 weeks of age sustained normal glucose
levels at this time point. H. polygyrus inoculation of NOD mice
at 7 and 12 weeks of age was not as effective in blocking the
development of diabetes; however, significant reduction in the
incidence and severity of disease was obtained even when in-
fection was introduced at these later time points after disease
progression.
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FIG. 1. (A) Infection with H. polygyrus blocks the development of T1D in NOD mice. H. polygyrus was administered orally as a single dose to
female NOD mice at 5, 7, and 12 weeks of age. Blood glucose was monitored in alternate weeks. A blood glucose value of >200 mg/dl on two
consecutive occasions was considered to indicate diabetes. The mouse cohorts were followed for 40 weeks (P < 0.0001, control versus H. polygyrus
at 5 weeks; P = 0.0003, control versus H. polygyrus at 7 weeks; P = 0.0005, control versus H. polygyrus at 12 weeks). (B) Blood glucose values were
plotted at 32 weeks of age. Similar results were obtained in two experiments. The solid horizontal bar indicates the mean blood glucose for each

group.

H. polygyrus infection prevents Cyp-induced diabetes in
NOD mice. Cyp, a cytotoxic chemotherapeutic agent, has been
used to accelerate diabetes in NOD mice (6). Compared to
spontaneous diabetes in NOD mice, Cyp treatment induces
synchronized, accelerated T1D in 2 to 4 weeks (1). Recently,
Treg apoptosis has been shown to be induced in Cyp-treated
NOD mice, at least partly explaining their increased suscepti-
bility to T1D (6). To determine whether H. polygyrus infection
also prevented Cyp-induced T1D, we treated female NOD
mice at 5 weeks of age with H. polygyrus and then administered
Cyp via intraperitoneal injections at 7 and 9 weeks of age. We
monitored blood glucose levels for development of T1D. As
shown in Fig. 2A, by 13 weeks of age, H. polygyrus treatment
dramatically blocked the development of diabetes (1/12; 8.3%)
compared to the untreated NOD group (9/12; 75%). In Fig.
2B, the majority of the mice in the uninfected group had high
glucose levels. In contrast, the glucose levels in 11 out of 12 H.
polygyrus-infected mice were all below 200 mg/dl. These studies
demonstrate that H. polygyrus-induced control of T1D occurs
even in this highly aggressive and rapidly developing experi-
mental model.

H. polygyrus infection protects the pancreatic islets from
lymphoid infiltration. To directly examine whether H. polygy-

>
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rus infection influenced immune cell infiltration of the islets,
histological analysis was performed on pancreatic tissues from
H. polygyrus-inoculated and untreated NOD mice. NOD mice
were inoculated with H. polygyrus at 5 weeks of age. At 13
weeks of age, pancreata were harvested from mice for H&E
staining. Figure 3A and B demonstrates a characteristic H&E-
stained pancreatic section from untreated (A) and H. polygyrus-
inoculated (B) NOD mice. Control NOD mice had typical
invasive insulitis, while H. polygyrus-treated mice had minimal
islet infiltrate. We scored the frequency of normal islets, islets
with peri-infiltration, islets with moderate infiltration, and is-
lets with invasive infiltration by randomly counting 100 islets
from serial sections of paraffin-embedded, H&E-stained pan-
creas in each group of mice (n = 8). We quantified the differ-
ences in insulitis seen between these two groups of mice (Fig.
3C). A dramatic reduction in all types of lymphocyte infiltra-
tion was noted in H. polygyrus-treated NOD mice compared to
untreated NOD mice. In untreated NOD mice, 32% of islets
developed severe, invasive insulitis; 21% of islets had moderate
insulitis; 18% had peri-insulitis; and 29% of islets remained
normal. In contrast, H. polygyrus infection markedly reduced
all type of insulitis (severe, invasive insulitis, 5%; moderate
insulitis, 3%; and peri-insulitis, 10%), while 82% of the islets
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FIG. 2. H. polygyrus infection blocks the development of Cyp-induced diabetes in NOD mice. NOD mice were orally inoculated with H.
polygyrus at 5 weeks, and Cyp was given at 7 and 9 weeks of age. (A) The incidence of diabetes at 10 weeks of age. (B) Blood glucose was monitored
every week; a blood glucose value of >200 mg/dl (dashed line) on two consecutive occasions was considered to indicate diabetes. Blood glucose
levels at 10 weeks of age are shown. Similar results were obtained in two experiments. The solid horizontal bar indicates the mean blood glucose
for each group.
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FIG. 3. Infection with H. polygyrus prevents lymphoid infiltration and insulitis in the islets of NOD mice. (A and B) H&E-stained section of
representative pancreata from control female (n = 9) and H. polygyrus-treated (n = 9) NOD mice. Control mice displayed characteristic invasive
insulitis (A), while H. polygyrus-treated mice typically had no inflammatory infiltrates (B). Similar results were obtained in two experiments.
(C) NOD mice were infected with H. polygyrus at 5 weeks of age and sacrificed at 13 weeks. Pancreata were removed and fixed in 10% neutral
buffered formalin. Islets were scored using the following scale: no infiltrates, 0% infiltration; peri-insulitis, 1 to 10% infiltration; moderate insulitis,
11 to 50% infiltration; severe insulitis, >50% infiltration. We typically counted 50 to 100 islets per experiment from six mice depending on the

number of islets that were present in the sections.

remained normal. Thus, these results indicated that H. polygy-
rus infection markedly reduced lymphoid infiltration, resulting
in marked increases in normal islets.

Effects of H. polygyrus infection on specific immune cell
populations infiltrating the pancreatic islets. H. polygyrus in-
fection significantly suppressed cellular infiltration into the
pancreatic islets. To determine whether H. polygyrus infection
affected the composition of immune cells infiltrating the islets,
we performed three-color immunofluorescent staining of the
pancreas. At 5 weeks of age, female NOD mice were either
inoculated with H. polygyrus or left untreated. At 13 weeks of
age, the mice were sacrificed and pancreata were collected,
snap-frozen, and stored at —80°C. Serial sections of acetone-
fixed pancreas were costained for insulin, CD4™ T cells, CD8"
T cells, B cells, dendritic cells, and macrophages by using
different combinations of fluorescence-conjugated Abs. As
shown in Fig. 4A, we found significant numbers of CD4* T
cells and B220™ B cells infiltrated into the B-cells in untreated
NOD mice. In contrast, H. polygyrus-treated NOD mice dem-
onstrated reduced numbers of CD4 " T cells and B220™ B cells
invading or surrounding the islets (Fig. 4B). Significant num-
bers of CD8" T cells were also detected around the islets of
untreated NOD mice (Fig. 4C), whereas H. polygyrus-infected
NOD mice had relatively few CD8" T cells (Fig. 4D). More-
over, pronounced numbers of F4/80" macrophages and

CD11c* dendritic cells were found in the islets of untreated
NOD mice (Fig. 4E), whereas few of these cells were seen
around the islets in the H. polygyrus-infected NOD mice (Fig.
4F). Thus, our data suggested that H. polygyrus infection mark-
edly reduced the infiltration of all the major cell populations
we evaluated, but the actual compositions and proportions of
different cell populations in the infiltrate remained similar.
H. polygyrus infection alters T-cell composition and results
in increased AAM®s in the PLN. Our data showed that H.
polygyrus infection blocked the infiltration of innate cells and
lymphocytes into the islets, suggesting that there might be
alterations in immune cell phenotypes in the draining PLN. To
address whether H. polygyrus infection changed the regulatory-
cell composition in the draining PLN relative to MLN and
peripheral lymph nodes, we harvested these lymph nodes from
H. polygyrus-infected and uninfected NOD mice at 11 weeks of
age. Cell suspensions were prepared and stained for CD4,
CD25, and FoxP3, and the data were collected by fluorescence-
activated cell sorter (FACS). We analyzed the data as the
percentage of CD4™" T cells expressing FoxP3. As shown in Fig.
5A, H. polygyrus-inoculated NOD mice showed three to five-
fold more FoxP3™ cells in the CD4" T-cell subset in the PLN
than in either the peripheral lymph nodes or MLN. The in-
creases in FoxP3™ cells in the PLN after H. polygyrus infection
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FIG. 4. Analysis of cellular infiltration in the pancreata of H. polygyrus-treated and untreated NOD mice. NOD mice inoculated with H.
polygyrus at 5 weeks were sacrificed at week 13, and the pancreata were frozen in liquid nitrogen; sectioned; stained for anti-mouse CD4, CD§,
B220, CD11c, F4/80, and insulin; and analyzed using an immunofluorescence microscope. The sections in panels A, C, and E were obtained from
untreated NOD mice (n = 9), while the sections in panels B, D, and F were from H. polygyrus-treated NOD mice (n = 9). Shown is one
representative islet from each group of mice. Untreated NOD mice demonstrated characteristic islet infiltration with CD4", CD8*, B220™", F4/80*
(macrophage), and CD11c* cell populations. H. polygyrus-treated mice demonstrated all of the same cell populations, but to a lesser extent.

were 38% in experiment 1 and 62% in experiment 2 compared
to 10 to 15% increases in MLN and peripheral lymph nodes.

Previous studies had shown that AAM®s can be induced by
IL-4 produced by Th2 cells during helminth parasite infection
(26). To address whether the AAM®s were increased in the
PLN after H. polygyrus infection, we sectioned the PLN and
performed immunofluorescent staining with anti-CD206-Al-
exa 488 and anti-F4/80-PE, with dually stained cells being
AAM®s. As shown in Fig. 5B, there were considerably more
CD206" F4/80" double-positive cells in the PLN from H.
polygyrus-infected mice than in those from untreated NOD
mice (Fig. 5C). Thus, our data demonstrated that H. polygyrus
infection in NOD mice increased AAM®s in the lymph nodes
draining the pancreas.

H. polygyrus infection increases Tregs and modulates T-cell
activation in draining PLN. Increased numbers of Tregs have
been associated with several helminth infections (37, 47). In
addition, a recent study showed that H. polygyrus infection
decreased the percentage of CD62L™ CD25~ cells but in-
creased the frequency of CD62L'™ CD25™ cells in the spleens
of NOD mice (37). To study whether H. polygyrus infection in
NOD mice elicited changes in CD62L, we infected female
NOD mice at 5 weeks of age and sacrificed the mice at 11
weeks of age. Untreated female NOD mice were used as con-
trols. The PLN, MLN, and peripheral lymph nodes (such as
inguinal and axillary lymph nodes) were collected, and cell
suspensions were obtained. The cells were then stained for
surface CD4 and CD62L expression as described in Materials
and Methods using flow cytometry. We found that H. polygyrus

treatment of NOD mice increased CD62L expression on
CD4™" T cells in PLN compared to PLN from untreated NOD
mice but did not alter CD62L expression on CD4™ T cells from
MLN and peripheral lymph nodes (Fig. 5D). These results
suggested that the pronounced T-cell activation associated
with the loss of cell surface CD62L and aggressive B-cell infil-
tration of NOD mice was preferentially inhibited in the drain-
ing PLN following H. polygyrus inoculation.

H. polygyrus infection drives a Th2-type cytokine response in
PLN and spleens. Helminth parasites can induce strong Th2-
type immune responses in the host. Since it had been shown
that a Thl-type response predominates in the development of
T1D, we were interested in determining whether H. polygyrus
infection in NOD mice was capable of inducing an alternative
Th2-type immune response, particularly in the lymph nodes
draining the pancreas, where the Thl-type autoimmune re-
sponse develops. Female NOD mice were treated with H.
polygyrus at 5 weeks of age, and draining MLN and PLN were
harvested at 13 weeks of age. Real-time fluorogenic quantita-
tive PCR was used to assess changes in cytokine gene expres-
sion. As shown in Fig. 6A, H. polygyrus-treated NOD mice
demonstrated a >10-fold increase in IL-4 mRNA in PLN com-
pared to untreated mice (P < 0.001). A lesser, but significant,
two- to threefold increase in IL-13 (P = 0.007) and IL-10 (P =
0.002) was also noted. In contrast, IFN-v, IL-17, and TGF-B
mRNA levels were similar to those in untreated NOD mice.
We also used an ELISPOT assay to detect IL-4-secreting cells
from PLN cells. As shown in Fig. 6B, pronounced increases in
the number of IL-4-secreting cells were found in PLN from H.
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FIG. 5. H. polygyrus infection induces AAM®s, increases the frequency of CD4" FoxP3™ Tregs, and decreases CD4™ T-cell activation in PLN.
Five-week-old female NOD mice were inoculated with H. polygyrus or left uninoculated and sacrificed at weeks 11 to 13. (A) Cell suspensions
obtained from PLN, MLN, and peripheral lymph nodes (PERI) were stained with anti-CD4-FITC and anti-FoxP3-PE Abs and analyzed by flow
cytometry. H. polygyrus-treated NOD mice showed a marked increase in CD4™" T cells expressing FoxP3 in the total CD4" T-cell populations. Expt,
experiment. (B and C) PLN (nine mice per treatment group) were sectioned, fixed, and stained with anti-F4/80-PE and anti-CD206-FITC. H.
polygyrus-treated mice had numerous cells that stained for both markers (yellow-orange) in the PLN, indicative of AAM®s. (D) Cell suspensions
prepared from PLN, MLN, and peripheral lymph nodes (Peri LN) were individually stained with CD4 and CD62L and analyzed by flow cytometry.
H. polygyrus-treated mice had an increase in CD62L" CD4™" T cells, indicative of naive T cells in the PLN.

polygyrus-infected NOD mice compared to untreated NOD
mice. Single-cell suspensions of splenocytes were also stimu-
lated in vitro with anti-CD3 (1.5 pg/ml) and anti-CD28 (2
pg/ml) Abs for 48 h at 37°C. IL-4 and IFN-y protein levels in
the supernatants were quantified by ELISA. As shown in Fig.
6C and D, H. polygyrus inoculation at 5 weeks of age induced
increased IL-4 production and decreased IFN-y production.
We also determined that H. polygyrus infection at 5 weeks of
age significantly increased total serum IgE levels (Fig. 6E).
Thus, our results suggest that H. polygyrus inoculation stimu-
lated a potent Th2-type response in NOD mice and suppressed
the Thl-type response associated with T1D.

H. polygyrus infection prevents diabetes and insulitis
through a CD25-independent mechanism. Tregs bearing the
cell surface marker CD25 are thought to play an important role in
mediating protection against T1D in NOD mice (46). In our
studies described above, we showed that H. polygyrus infection
increased the frequencies of CD4* CD25" FoxP3™ Tregs in both
PLN and MLN in NOD mice. To directly investigate the role of
CD25" Tregs in our helminth-induced diabetes protection
model, NOD mice were treated with depleting anti-CD25 Ab
(PCo1).

NOD mice were infected with H. polygyrus at 5 weeks of age,
and anti-CD25 MADb was given every 5 days starting from the
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by ELISA. The means and standard errors for nine mice per treatment group are shown. Similar results were obtained in two experiments.

day before infection. Rat IgGl Ab was used as an isotype
control. At 13 weeks of age, the mice were sacrificed, PLN
were collected for FACS analysis, and pancreata were removed
for histological examination. We chose to use severe insulitis as
our surrogate readout for diabetes development because we
previously demonstrated that H. polygyrus infection dramati-
cally inhibited severe insulitis in NOD mice. The cost of treat-
ing NOD mice with anti-CD25 Ab for a full 40 weeks was
prohibitive. To test whether anti-CD25 MAD was effective at
depleting CD25™ cell populations in vivo, we stained the cells
from PLN with anti-CD4-FITC and anti-CD25-APC and per-
formed FACS analysis. As shown in Fig. 7A, we found that,
compared to the mice given control Abs, the anti-CD25 MAb
treatment specifically eliminated expression of CD4* CD25™
cells (>90% reduction). When we examined the effect of H.
polygyrus-induced Tregs in regulating the development of in-
sulitis in the pancreas, our H&E staining results (Fig. 7B)
showed that H. polygyrus infection dramatically inhibited im-
mune cell infiltration into the pancreatic islets and the devel-
opment of severe insulitis. Administration of either anti-CD25
MAD or the control MAb did not increase the percentage of
the islets with immune cell infiltration. Taken together with
our findings that H. polygyrus effectively blocked accelerated
Cyp-induced T1D, our studies indicate that CD25" Tregs are
not required for H. polygyrus control of T1D.

H. polygyrus infection-mediated prevention of diabetes is
independent of IL-10. Our data demonstrated that H. polygy-
rus infection increased IL-10 mRNA in PLN, suggesting that
IL-10 might have contributed to H. polygyrus-induced inhi-

bition of T1D. To address this, female NOD mice were
infected with H. polygyrus at 5 weeks of age. Commercially
obtained anti-IL-10R MADb or control MAb was given intra-
peritoneally every 5 days starting from the day before infec-
tion. The dosage and frequency of administration were sim-
ilar to those used previously with this clone to block IL-10
interactions (28). At 7 and 9 weeks of age, the mice were
treated with Cyp to induce accelerated T1D. The more rapid
and synchronized development of Cyp-induced T1D made
in vivo anti-IL-10R MAb treatment more practical. Blood
glucose levels were monitored every week. In this experi-
ment, we chose to use blood glucose as our readout instead
of the insulitis score because Cyp induces rapid-onset hy-
perglycemia in NOD mice. At 10 weeks of age, the mice
were sacrificed. As shown in Fig. 8A, by 10 weeks of age,
50% of the Cyp-treated NOD mice became diabetic. How-
ever, only 12% of Cyp-treated mice in the H. polygyrus-
infected group had T1D. Administration of either anti-IL-
10R or control Abs did not increase the incidence of T1D
after H. polygyrus infection. Similarly, without H. polygyrus
infection, by 10 weeks of age, four out of eight mice had high
blood glucose readings (Fig. 8B). In contrast, H. polygyrus
infection prevented Cyp-induced diabetes in the majority of
mice (six of seven). Anti-IL-10R MAD or control Ab treat-
ment did not reverse the diabetes protection in H. polygyrus-
infected mice. Thus, these results suggest that the H. polygy-
rus-mediated protection of Cyp-induced TI1D occurs
through an IL-10-independent mechanism.
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DISCUSSION

Our studies demonstrate that H. polygyrus infection protects
NOD mice from developing diabetes. The potent inhibitory
effect of H. polygyrus infection on autoimmune inflammation
was also observed in the aggressive Cyp-induced T1D
model. Oral H. polygyrus inoculation of NOD mice inhibited
lymphoid infiltration into the islets and, in the draining
PLN, induced changes in immune cell composition consis-
tent with preferential development of regulatory-cell popu-
lations. In vivo depletion of CD4" CD25" Tregs by anti-
CD25 MAD or in vivo treatment with blocking anti-IL-10R MAb
did not reverse H. polygyrus-induced prevention of T1D. Thus,
our data suggest that H. polygyrus infection protects NOD mice
from the onset of T1D through CD25- and IL-10-independent
mechanisms.

Previously, it had been shown that infection with helminth

parasites, such as 7. spiralis, H. polygyrus, or S. mansoni, signifi-
cantly inhibited the incidence of T1D (9, 37). In this study, we
confirmed these findings by showing that infection with H. polygy-
rus at 5 weeks of age completely suppresses the incidence of T1D
in NOD mice. We further extended these findings by demonstrat-
ing that the diabetes-inhibitory function of H. polygyrus became
less effective when H. polygyrus was given at 7 and 12 weeks of age.
However, unlike S. mansoni eggs, which inhibited T1D only when
given before 8 weeks of age (49), H. polygyrus inoculation still
effectively reduced the severity of T1D when given as late as 12
weeks of age, a time point after invasive insulitis had already
developed.

T1D is an autoimmune disease resulting in the destruction
of insulin-producing B-cells by a localized Th1-type inflamma-
tory response (20). During its pathogenesis, lymphocyte infil-
tration into the islets is not only an initial characteristic of
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pathology, but also a fundamental step in disease development
(3). Understanding how H. polygyrus affected this localized
inflammatory response could provide important insights into
how H. polygyrus prevented T1D in NOD mice. Two check-
points have been suggested in the destruction of B-cells: T
effector cell infiltration from PLN into the islets to form “be-
nign insulitis” and progression of “benign insulitis” to “invasive
insulitis,” which destroys the islets (3). Previously, administra-
tion of S. mansoni eggs, S. mansoni egg antigen, or S. mansoni
worm antigen to NOD mice decreased the number of islets
with infiltration (49). Our H&E staining showed similar results
and further suggested that H. polygyrus preferentially inhibited
the development of invasive insulitis, while changes in peri-
insulitis were less pronounced.

It has been shown that CD4™ T cells, CD8" T cells, and
macrophages all contribute to the pathogenesis of T1D (16,
34). It is possible that H. polygyrus infection prevents T1D by
blocking the infiltration of specific cells, such as pathogenic
CD4™" T cells, CD8™ T cells, or macrophages, into the islets or
by induced infiltration of regulatory immune cell populations
that inhibit islet destruction. Our studies examined for the first
time the effects of helminth infection on specific immune cell
infiltrates in and around the islet cells and pancreas. Using
immunofluorescent in situ staining, we demonstrated that al-
though H. polygyrus infection markedly attenuated islet infil-
tration by immune cells, it did not change the overall immune
cell composition of the infiltrate associated with the islets, as
CD4™" T cells, CD8" T cells, macrophages, and dendritic cells
were all present surrounding the islets, albeit in greatly re-
duced numbers. These findings are consistent with previous
flow cytometry results showing that H. polygyrus infection sig-

nificantly reduced the percentages of CD4™ T cells, CD8* T
cells, B220* B cells, and CD11c™" dendritic cells in total pan-
creata of NOD mice by 13 to 14 weeks (37). Our further
observation of increased CD62L expression on CD4™ effector
T cells suggests a reduced frequency of activated T helper cells.
These findings are consistent with previous results showing
that S. mansoni egg treatment of NOD mice induced reduced
proliferative splenocyte responses when the splenocytes were
stimulated with concanavalin A (49). Moreover, H. polygyrus
infection did not increase CD62L expression on CD4 " T cells
from MLN or peripheral lymph nodes, further indicating that
H. polygyrus infection induced a localized alteration of the
immune-regulatory environment in the draining PLN. Analysis
of potential antigen-presenting cell populations in the PLN of
H. polygyrus-inoculated mice indicated increased frequencies
of CD11c™ cells, CD11b™ cells, and CD11c¢™ CD11b™ double-
positive cells. CD11c expression is characteristic of dendritic
cells (38), and CD11b" CD1l1c* cells include primarily my-
eloid dendritic cells, which have recently been shown to play a
primary role in supporting the development of T1D in NOD
mice (38). In future studies, it will be interesting to examine
whether myeloid dendritic cells differ functionally in H. polygy-
rus-infected and uninfected NOD mice.

H. polygyrus infection in NOD mice also resulted in the
accumulation of AAM®s (F4/80" CD206™) in the PLN. These
AAM®s are distinguished from other activated macrophages
by their expression of CD206 and by metabolism of arginine to
ornithine by arginase instead of conversion to nitric oxide by
inducible nitric oxide synthase (33, 36). AAM®s may have
several important functions during parasite infection, including
(i) downregulating pathological Thl-type inflammation (15),
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(ii) contributing to collagen production for wound recovery
(44), (iii) mediating parasite expulsion (22), and (iv) upregu-
lation of arginase, thereby reducing arginine availability for
inducible nitric oxide synthase-mediated generation of NO. As
classically activated macrophages have been implicated in
B-cell destruction during T1D development in NOD mice (2,
16, 21), it is possible that their alternative activation reduces
macrophage-mediated pathogenesis.

Helminth parasites have potent immunoregulatory functions,
as they induce IL-10, TGF-B, and Tregs in the host and are able
to manipulate the ability of the host immune system to respond to
unrelated antigens (26, 48). Our finding of increased IL-10
mRNA expression in PLN of H. polygyrus-inoculated NOD mice
was consistent with previous findings that, following infection with
H. polygyrus or S. mansoni eggs, the splenocytes produced more
IL-10 after restimulation with either concanavalin A or parasite
antigens (37, 49). In contrast, levels of TGF-8 mRNA remained
low. Recent studies also showed that administration or gene
transfer of IL-10 prevented the onset of T1D (13, 31). It is thus
possible that H. polygyrus-induced IL-10 is important in suppress-
ing the development of T1D. To further study the role of IL-10 in
the H. polygyrus-induced regulation of diabetes, we used anti-IL-
10R MADb to block IL-10 function in vivo in the context of H.
polygyrus infection. Our data showed that in vivo IL-10 blockade
did not change the T1D-suppressive function of H. polygyrus in a
Cyp-induced T1D model, suggesting that increased IL-10 produc-
tion was not a critical element for the H. polygyrus-mediated
diabetes prevention. This is consistent with other studies suggest-
ing that Th1-type inflammatory responses can be inhibited during
a helminth-induced response by IL-10-independent mechanisms
(15), although it should be noted that helminth control of allergic
responses can be IL-10 dependent (43). Further support for our
findings comes from a study that used a murine gammaherpesvi-
rus 68 infection in NOD mice (41), where anti-IL-10R Ab ad-
ministration did not alter CD4" T-cell trafficking, activation, or
proliferation after adoptive transfer of autoreactive T cells. An
important caveat, however, is that the blocking-Ab treatment
might have incompletely inhibited IL-10 function. Future
studies using genetically deficient NOD/IL-10 knockout
mice should be more definitive in determining the role of
IL-10 in helminth-induced regulation of T1D.

In addition to IL-10, Tregs have been shown to exert a
protective effect in the development of T1D (14, 30). We
also evaluated regulatory-cell populations in lymphoid or-
gans using flow cytometry. Our findings indicated a prefer-
ential accumulation of FoxP3™ Tregs in lymph nodes drain-
ing the site of infection or pancreatic inflammation (i.e.,
MLN and PLN). Previous studies have suggested that Cyp-
induced T1D results in more aggressive B-islet destruction
and T1D development because of preferential ablation of
Tregs (6). Our findings that H. polygyrus infection effectively
blocked the development of Cyp-induced T1D suggested
that H. polygyrus might be capable of controlling T1D
through a CD25" Treg-independent mechanism. To directly
examine the role of CD25" Tregs under conditions where
mice spontaneously develop T1D, we depleted CD25™" cells
in vivo using an anti-CD25 MADb. Our findings that anti-
CD25 Ab treatment had no effect on the inhibition of insu-
litis by H. polygyrus inoculation indicated that H. polygyrus
likely controls B-islet cell infiltration through CD25" Treg-
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independent mechanisms. Of interest, we also treated non-
infected 5-week-old female NOD mice with anti-CD25 Ab
and evaluated insulitis at 12 weeks. In comparison, female
NOD mice that did not receive anti-CD25 had severe insu-
litis in 39.7% of islets (n = 6 mice) while Ab-treated mice
had severe insulitis in 70% of islets (» = 6 mice; data not
shown). These results are consistent with previous studies
(30) suggesting that CD25" Tregs are important in attenu-
ating the severity of T1D in uninfected mice and show the
effectiveness of our Ab preparation in depleting Tregs. An
important consideration in such studies is the possibility that
the anti-CD25 Ab might affect other CD25" cell popula-
tions. Future studies with NOD mice deficient in Tregs
should help to resolve this concern.

One possible unexplored explanation for the fact that our anti-
CD25 and anti-IL-10R treatments did not reverse diabetes pro-
tection is that these two mechanisms are redundant. To examine
this possibility, it will be necessary to treat NOD mice with both
Abs or to use a combination of genetically altered mice plus Ab
treatment.

Helminth parasites are strong inducers of Th2-type re-
sponses. Infection of NOD mice with S. mansoni eggs mark-
edly enhanced the production of IL-4, IL-5, and IL-13 (49).
Infection of NOD mice with H. polygyrus also elevated IL-4,
but not IFN-v, production by splenocytes and increased the
percentage of [L-4-producing CD4 ™" T cells in the cells isolated
from the pancreas (37). These results are consistent with our
findings that IL-4 and IL-13 mRNA expression was upregu-
lated in PLN and that IL-4, but not IFN-y, production by
splenocytes was boosted after H. polygyrus inoculation. Fur-
thermore, serum IgE levels were markedly elevated in H.
polygyrus-infected NOD mice compared to uninfected controls,
consistent with a Th2 response. Several studies have shown
that IL-4 has a protective function in T1D, as overexpression of
IL-4 inhibited the onset of T1D and downregulated {3-cell
infiltration (29). H. polygyrus-induced IL-4 thus not only indi-
cated that a Th2 response was sustained in NOD mice, but
raised the possibility that the cytokine might have modulated
TI1D. As the overall Th2-type response to H. polygyrus is IL-4
dependent (4), it should be noted that blocking IL-4 would be
expected to abrogate any possible regulatory effects of nema-
tode parasite infection.

In conclusion, we have demonstrated that H. polygyrus po-
tently reduced the spontaneous onset of diabetes in NOD mice
when given as late as 12 weeks of age and even prevented the
much more aggressive Cyp-induced T1D in NOD mice. Asso-
ciated with an H. polygyrus-induced Th2-type response, we
observed marked increases in IL-10, FoxP3" Tregs, and
AAM®s. However, our studies indicate that neither 1L-10 nor
CD25 Tregs are essential for H. polygyrus-induced T1D pro-
tection. In future studies, it will be interesting to elucidate the
other important H. polygyrus-induced regulatory mechanism(s)
affecting diabetes prevention.
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